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I. INTRODUCTION

• During the past few years , the vibrational relaxation of HF(v 1) has

been studied for a large number of collision partners over a large range of

1-3temperatures. These studies were undertaken because of the recent

interest in theories of vibrational energy t ransfer  and the development of the

HF chemical laser . Vibrational—relaxation measurements have been largely

confined to HF(v = 1) because of the difficulties involved in the controlled pr o- I

ductiori of the highe r levels under circumstances in which specific upper level

processes can be isolated. In the few studies of uppe r vibrational level

deactivation, the techniques of direct laser pumping of the second vibrational

level , low-pressure combustion with spectroscopic diagnostics , reactive

flows in medium -pressure flow tubes, 
6.8 

and laser-induced fluorescence by

sequential absorption9’ 
10 

were used. Laser-induced fluorescence was

employed in this study. This technique had been used previously by Osgood,

Sackett, and Javan9 in their study of the deactivation of HF(v = 2, 3, and 4)

by collisions with HF and by Hinchen 10 to study the vibrational energy trans -

fer from DF( v = 1 and 2) to CO2.

A knowled ge of the upper level deactivation rate s is important for

understanding and modeling the performance of the HF chemical laser since

the pumping reaction

F + H 2~~~~~H F ( v ) + H  ( 1)

‘I’

-3- 
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directly populates v 1, 2, and 3 . Theoretical calculations of these rates

have been made for only a few cases , e .g. , the V-V exchange between

HF(v), DF( v), and CO2. Few comparisons of theoretical and experimental

results have been made because such calculations are difficult and because

experiments for measuring and interpreting these rate s are difficult to design .

The laser-induced fluorescence experiment in which sequential absorption of

photons produces the higher excited levels is relatively easy to perform, and

the interpretation of the data is straightforward. The experiments can be

performed for a large ratio of the collision partner to HF , thereby reducing

the HF-HF V— V deactivation processes to negligible contributions. This

technique has been used in the present stud y to measure the vibrational

relaxation rate s of HF( v = 1, 2, and 3) in H 2, N 2, and CO2 and of HF( v = 3)

in O
~ 

and HC1.

a.

3
1
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II . EXPERIMENTAL

The experimental arrangement  is shown in Fig. 1; the apparatus

includes an HF TEA laser, a fluorescence cell, and several detectors.

Because of its availability and for convenience , a 10-rn-long, 16. 5-cm-

diameter shock tube was used as the f luorescence cell . The shock tube and

gas handling system has been used for a number of temperature-dependence
12 , 13studies of HF(v = 1) and HC1 (v  = 1) vibrational relaxation. -

The TEA laser described in Ref. 13 was used with the SF6 and H
2

flow regulated to a total pressure of about 35 Torr. An H2 partial fraction

of 0. 095 was used for the experiments in which HF(v = 3) was produced by

sequential absorption. The laser was detuned by reducing the H2 partial

fraction to 0.005 when only HF(v = 1) and HF(v = 2) were to be produced.
The total energy in the laser pulse was estimated to be 1 to 2 mJ on the basis

of previously calibrated lasers. 12 
The duration of these laser pulses is

typically 100 to 300 nsec . The laser can be operated at a repetition rate of

—3 Hz without substantial degradation of the signal. A 5 .08-cm Au-coated

m i r r o r  with a 12 . S-rn radius and a l . 27 -cm-diamete r  sapphi re  window

mounted in the shock tube formed the optical cavity. A shorter  7O-cm laser

also produced direct  pumping of HF(v = 3) but in smaller concentrat ions by a

factor of 2.5.

The fluorescence from HF(v = 3) was monitored with an RCA C-31034

GaA s photomultipler . A Kodak 87C wratten filter and the spectral sensitivity

of the photomultiplier limited the detected fluorescence to wavelengths bqtween

~~
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8000 and 9000 A . An RCA 7102 photomultipl ier  with an Si filter was used to

follow the HF f i r s t  overtone at X -~ I . 26 t im . The photomult ip l iers  s impl y

were placed agains t  the observation window for  the respective measurements.

A Texa s Instruments InSb IR detector was used to monitor the HF(v = 1)

f luorescence , which was focused onto the detector with a 5 . 0 8 - c m - d i a m e t e r

CaF 2 lens having  a 15-cm focal length . The InSb signal was amp li f ied  wi th

a Perry Associate s Model ~
‘ O amplifier. The combined response time was

<1 .4 ~.isec . Likewise, the response time of the photornultipliers (1-kQ load

resistors) was <1 p.sec. The signals from the IRdetector or photomultipliers

were recorded with a Biornation Model 805 t ransient  recorde r and t r a n s f e r r e d  
•

to a Nicolet Model 1072 signal averager , whe re 32 to 512 experiments were

stored and averaged before being displayed on an X -Y  recorde r . Because of

the hig h sens i t iv i ty  of the GaAs photomultipl ier , the HF( v 3) f luorescence

was recorded with the best s ignal- to-noise  ratios . A single f luorescence trace

is shown in Fig. 2 .

The amount of HF pumped to the variou s levels was not measured .

However , the r a t io  of HF( v 3) to HF( v = 2) was est imated to be — ‘0 . 1 on the

basis  of the estimated photornultiplier sensi t iv i t ies  at the two wavelength s , 14

S IS -, 10~~~, and the ratio of the radiative l i fe t imes  of the two
1. 26~j m 0 .89~j .m

levels T 3~~~/ T 2~ 0 20 . The HF( v 3) measurements  were not complicated

by 4 -~ 1 f luorescence ;  no HF( v = 4) was produced by the multiphoton absorp-

t ion since the lase:  does not operate on the 4 -~ 3 t r ans i t i on . Indeed , no th i rd

ove rtone f luorescence  was detectable. For the measurements  of J-~~’(v 2)

deac t iva t ion , the l a se r  was detuned so that no HF( v = 3) was pumped d i rec t l y. 
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The HF( v 2) data did not appear to be affected by the tuning or detuning of

the laser , which was cons is tent  with the es t imate  of the re la t ive  population s

of v 3 and v = 2 and also their  d i f f e ren t  decay t imes . At 20 -T o r r  total

p ressure , the measured intensi ty  of HF( v = 3) was l inear  between HF con-

centrat ions of 0 . 02 and 0 . 1% , indicat ing that the medium was optically thin

and that there  were no collisional effects  dur ing  the l a se r  pulse . The initial

intensi t y of the HF(v = 3) f luorescence is shown in Fig. 3 for  gas mixtures at

20 Torr  conta in ing 0 . 02% HF and various proport ions of H2. The init ial

intensity was independent of the H 2 concentration, although the decay times

ranged from about 4 to > 100 ~ sec. The shortest decay time, 4 ~.isec , was

still long compared to the 100 to 300 nsec laser duration .

Gases used in the experiments included 99 .999% Ar , 99 .9 99% H2,

9 9 . 9 %  HF (liquid phase ) ,  and 99 .999 % N 2 f rom Mathe son Gas Products Co .

The 9 9 . 9 %  CO 2 w .~~~ f rom Liquid Ca rbonics. The Ar , H 2, N 2, and CO 2 were

used from the bott le;  the HF was distilled by cooling to 77 K , pumping away

the residual  gases , and then warming  to a temperature at which its vapor

pressure  was about 30 Torr . The gas mixtures  we re prepared in a stainless-

steel mix tank with the major gas component injected through a supersonic

or i f ice  in o rde r  to provide good mixing.

-9-
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Ill. RESULTS

A . VIBRATIONAL RELAXATION OF HF( v = 1, 2, AND 31 1N H2

The relaxation rates of HF(v = 3) and HF( v = 2) were measured in gas

mixtures containing 0 . 02% HF and various proportions of H2 and Ar at a total

pressure of 20 Torr . The exponential decay times obtained from semilog

plots of the intensities were multiplied by the total pressure , and the recip-

rocal values of P~ we re plotted (Figs. 4 and 5) versus percentage H2.

Relaxation rates for HF(v = 1) were obtained with mixtures containing

0 . 1% HF (Fig. 6). When HF molecules are excited to the first  vibrational

level in H2, the HF(v = I )  population initially decreases primarily by the

V-V exchange with H 2.

HF(v= 1)+H 2
(v 0 ) tHF(V 0)+H2

(V 1) (2)

At longer times, the coupled populations of HF( v 1) and H2(v = 1) are

deactivated by the slower V-B., T processes , including

k~ r

HF(v = 1 ) + H 2(v = 0) —~~HF(v = 0 ) + H 2(v = 0) (3)

a,

The equations describing this relaxation process are given in Refs . 12 and 15.

Because of the small concentrations of HF relative to H2, only single expo-

neritial decays were observed . For the conditions of the experiment , the

total deactivation rate (k~ ” + k;r ) was proporhonal to the slope of the data

-11-
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in Fig. 6; k~~ was a small contribution. 16 The second and third vibrational

levels we re removed by H2, most probably by the V-V exchange

k
4
(v)

HF(v) + H
2
(v = 0) ~ ± HF(v - 1) + H

2
(v = 1) + ~.E(v) (4)

k
4
(v)

although the possibility of multiquantum exchanges can not be excluded . The

relaxation rate s obtained from the slopes of the data are listed in Table I and

are in the ratio of 1, 0 . 86, and 0. 79 for  v 1, 2, and 3, respectively. Note

that if the HF vibrational levels had been coupled together by HF( v) -HF V-V

exchanges , the rates would have been in the ratio of 1, 2 , and 3, respectively.

• With no H2 present  in the gas mixture, the HF( v 3) was deactivated

by collisions with HF itself in -3uch V-R , T and V-V processes as

HF(3) + HF(0) —
~~
.. HF( 2) + HF(0) (5)  “ 

-

and

k
VV • 1

HF(3) + HF(0) ~~~HF(2) + HF(1) (6)

Depending on the initial relative concentrations of the HF(0), HF(1), HF(2),

and HF(3), the V-V exchange, Reaction (6), can either produce or remove

HF(3) on balance. However, after their initial fast rise during the laser

pumping , the fluocescence traces decayed rnonotonically with no apparent

• V-V pumping from lower levels. Afte r its ini t ial  excitat ion , the decay rate

of HF(3) can be described by

~
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TABLE I. MEASURED RATES FOR THE DEACTIVATION OF HF(v)
k4(v)

PRIMARILY HF(v) + H 2(0) ~~~ HF( v - 1) + H (1) + AE(v)
k..4(v) 2

k4(v) k1’
4(v)  

~ 
k 4(v) / k 4( 1)

V (cm~~~) (p . sec-Torr  ) (~~sec-Torr

1 -201 (1. 43 ±0.15) x 10 2 3.8x10 2

2 -367 (1.23 ± 0. 1) x 1o 2 7.3 x 10~~ 1 .9

3 -535 (1 . 13 ± 0.1) x 15 . 3 x 1o~~ 4.0

aC l l t C d  with all molecules assumed to be in the J = 0 rotational level.

= k4(v) exp( 1. 435 AE( v) fTl

r

- 16- 
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d[HF(3)L = - (k ’~ + kV~
?
~[HF(0)J + kvv [HF( 2)] [HF(1) 1 (7)

[HF(3)) dt ~ 5 6 , -6 (HF(3) 1

The n-ionatornic decay of the HF(3) fluorescence indicates that the first term

on the right-hand side was always greater than the second term. When H
2

was present in the gas mixture , the importance of the second term was

furthe r decreased since H2 was found to deactivate HF(2) and HF( 1) faster

than [HF(3)] .  The decay rate of HF(3) can be approximated then with

= -(kr + k~~~) [HF(o)I + k4(3) [ H2(o)] (8)

Indeed , the extrapolation of the data of Fig. 4 to zero H2 gives a value of

PT = 3 (+4 , -2) x ~.isec.-Torr , which when attributed to the 0. 02% HF

concentration, results in a value of PHF
T -1 

~ ~ (+2 , - I )  p.sec-Torr ~~
. Thi s

value , although imprecise, is in agreement with the value of 1. 6 ~isec-Torr 1

9
obtained by Osgood , Sackett , and Javan . Whe n no H 2 was in the gas mix-

ture , a somewhat slower decay rate was measured, indicating some contribu-

tion from the back reaction of Reaction (6) . The slope of the data in Fig. 4

represents the value of k4(3) ,  or more precisely, the sum of k4(3) and the

rates of any rnultiquantum t ransfers  as well as any V-B., T deactivations of

HF(3) by 
~~~~

With any V-R , T contributions neglected and single-quantum exchanges

assumed, the exotherrnic exchange rates k 4(v) we re calculated from the

measured rate s k 4
(v) and the equilibrium constant for the process . These

exothe rrnic exchange rate s increase with v in the ratio of 1, 1.9, and 4. 0

- 17- —
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for v -~ 1. 2, and 3 , respectively. The r at .s  for energy exchange between

~~rm’~nic oscillators having no energy ~t~i sz i - ~atch , ~ E(v) = 0 , would scale

with v as 1 , 2, and 3. However, HF ~ anharmonic, and the energy mis-

matches increase with the vibrational le’~e1. Despite these differences, the

scaling of the rates does not differ greatly from the theoretical scaling for

harmonic oscillators .

B . VIBRATIONAL RE LAXATION OF HF(v = 1, 2, AND 3) IN N
2

The relaxation times of I-IF( v 3) in N 2 were measured for various

partial fractions of HF. These data are lh~ted in Table II and plotted in

Fig.  7. The total pressure of the gas sample was varied so that the partial

pressure of HF remained 4 mTorr f o r  most of the experiments. Data

obtained in expe r iments  conducted with 2, 8, and 20 xnTorr of HF were

essentially unchanged from the 4-mTorr data. Only a few experiments were - 
-

performed for HF( v 1 and 2) deactivation by N 2 ; these results are also

j listed in Table II. The value of the deactivation rate for HF(v = 1)-N 2 was

determined to be (1 . 45 0.2)  ~-‘ 10~~ ~.tsec-Tor r 1. This value compares

favorabiy with the values o f ( 1 . 52 ± 0. 15)
~~~

t 0 4 an d ( t . 2 5 ± 0 . 6 ) X 1 0 4

~ sec-Tor r~~ obtained in the more extensive studies by Bott and Cohen 12 and

Hancock and Green, 
15 respectively.

The deactivati on rate s for HFt v = ) . 2, and 3)-N ., listed in Table III

indicate th~ I tlu~ r at  inc rease~ rap idly with  inc reases in v. The ratio of the

rate for  FTF (v 3) to tha t for }IF( v - 1)  i a factor of 20, whereas that for reson-

ii It h? r :,ior. i c e r Uat ’ rs is  :~ ~. -s ~~ • ~~~ 
3 . One of the reasons for this rate in-

- ‘S 
- -

crease with v is that the ene. gy de fi?ct S , ~ E(v) , for the high vibrational levels are

-1 8-
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TABLE II . VIBRATIONAL RELAXATION DATA FOR

HF(v 1, 2, AND 3) IN N 2

HF 1 
-

Data Pressure (% ) (~~sec ) V (~~sec-Torr~~~)

1 10 0 . 2 32 . 6 3 3 . 07 < 10~~

2 10 0 . 04 33 , 5 3 2 .99  x 10~~

3 20 0. 04 17 . 3 3 2 .89  x 10~~

4 20 0 . 0 2  15 .9 3 3. 14 x 1 0 ’3

5 30 0. 0133 11 . 5 3 2.89 x 10~~

6 40 0. 01 8. 6 3 2 . 9 2  x 10~~

7 10 0 . 01 29. 0 3 3 . 45 x 10~~

8 50 0 . 008 7 . 0 3 2 .86 x 10 ’s 1 
- -

9 50 0 . 008 7 .0  3 2 .86 >( 10~~

10 25 0 .008 13 . 6 3 2.94 x 10~~

11 50 0 . 004 6.9 3 2 .90  x 10~~

12 100 0 . 004 12 . 3 2 8. 1 x 10~~~

J 13 100 0 . 004 12 . 5 2 8. 0 x 10~~

14 99 0.004 70.0 1 l .44x 10”
~

4
15 99 0.004 69. 0 1 1 .47 x 10~

AVERAGE VALUES: v 1 1 . 4~ x 10~~ v = 3 2.92x 10~~
-4v = 2  8. l x l O

-20-
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TABLE III. RELAXATION RATES OF HF(v = 1, 2, AND 3) IN N 2

- ~~E(v) k9(v)  
1 k ( v )/ k  ( 1)

(cm ) (~~sec- Tor r  )

1 1628 1 ,45 x 1

- - 2 1462 8. 1 x 1O~~ 5.6

- - 3 129 4 2.92x 10~~ 20 
-

U
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small since HF is very anharmonic. The energy defects are listed in Table III

for the exchanges

k
9
(v) 

9HF(v) + N2
(v 0) ~~ HF(v - 1) + N2(v = 1) + E(v)

The V-R , T deactivation process

k10
(v)

H F ( v ) + N 2(v 0) —~~ HF(v - 1 ) + N 2(v 0) (10)

is most likely a small contribution to the total deactivation because V-R , T

deactivation requires the conversion of a whole quantum of vibrational energy

to rotational , translational energy instead of the smaller energies , ~~E( v) , of

the V_ V  exchanges. Possible multiquantum exchange s could require even

smaller amounts of energy to be converted to rotational , translational energy.

C. VIBRATIONAL RELAXATION OF HF(v = 1, 2, AND 3) IN CO2 - 
-

The relaxation rates obtained for HF(v = 2) and HF( v = 3) in various

mixtures of CO 2 are plotted in Fig. 8; the rate s for HF( v = 1) are plotted in

Fig. 9. Relaxation t imes were also calculated from the rise times and decay

times of the CO 2 
fluorescence at 4. 2 ~m. It is more diffi cult to determine rise

times than decay times because of the necessity of extrapolating the slowly

decaying part of the trace to time equal zero . Therefore , the rise-time data

showed more scatter but were in agreement with the data obtained from the

decaying HF(v = 1) f luorescence signals.  The relaxation rates of Figs. 8 and

9 we re extrapolated to 100% CO2 and are listed in Table IV along with the

results of previous studies. A rate for HF( v 3) -CO 2 somewhat faste r

( — x  1. 55) than that reportcd by Airey and Smith 5 was obtained , but the values

-22-
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TAB LE IV . RELAXATION RATES OF HF(v = 1, 2 , AND 3) IN CO2

— 1k11 ~j .sec-Torr

Reference HF(v = 1) HF(v = 2) HF(v = 3)

Airey and Smith5 0 . 040 0. 16 0 .24

Hancock and Green 0 . 059

B ott and Cohen 2 0, 036

Lucht and Cool t7 0. 041 *

Kwok and Cohen 8 0 . 04 1 0 .16  0. 16

Kwok t8 0 .37  
J

This study 0.039 ± 0. 004 0. 20 ± 0 . 02  0 . 375 ± 0. 04 
-

S -

~1!!!I
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for the v = 1 and 2 exchanges are in very good agreement. The HF(v = 3)
rate agrees with a measurement by Kwok . 18 The present value of the

HF(v = 1)-CO2 relaxation rate , 0 . 039 ± 0.004 ~j.sec-Torr 
j
, is also in

good agreement with the value s reported by the other investigators.

Stephens and Cool 19 concluded that the deactivation of HF(v = 1) pro-

ceeds primarily by the exchange

HF(v) + C02(00 °0) ~~~ HF(v - 1) + C02(00°1) + AE  = 1612 cm 1 (- 11)

This conclusion was based on the behavior of their CO2 fluorescence profiles ‘

and the expe rimental results of Hancock and Green . The good agreement

of the calculated value s of Dillon and Stephenson 1 ~ with the experimental

values of Airey and Smith 5 and the present study seem to substantiate this

conclusion.

D. VIBRATIONAL RE LAXA TION OF HF(v = 3) BY 02

The relaxation rates of HF(v = 3) in °2 are shown in Fig. 10 for various

partial fractions of HF . The slope of the data indicates a rate of (7 .5 ± 1) )< i0 ’
~~

1isec-Torr 1 for the deactivation of HF( v = 3) by O~~. This rate is 16. 7 times

faster than the value of 0 . 45 x 10~~ obtained
12 for HF(v 1) deactivation by

02. However , the rate quoted for HF( v = 1) deactivation by 02 is an upper

limit 12 because of its small value (the presence of 3 ppm of H20 in the 0
~

could have contributed 0 . 12 x 10~~ ~ gec-Torr~~ to the measured value). The

increase in the rate for HF( v = 3) over that for HF(v = 1) in 02 is similar to

that observed for HF(v) in N 2. Because of this similarity, It was presumed

that the nearly resonant process
- 

-

~~~ ‘S _ _
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HF(v = 3) + O2(
3
E) ~~ HF(v = 1) + O2( 1A) + 34 cm 1 (12)

did not contribute greatly to the measured rate and that the dominant process 4

is the V-V transfer from HF to 02.
- 

E. VIBRATIONAL RELAXATION OF HF(v = 3) BY MCi

The relaxation rates of HF(v = 3) in mixtures containing HC1 are shown

in Fig. 11 . The slope of the data indicates a rate of (0 .4  ± 0. 04) p.s ec - Tor r

for deactivation of HF(v = 3) by HCI. The HC1 can deactivate the HF(v = 3) by

V-R, T processes or more probably by the V-V exchange

HF(v = 3) + HC1(v = 0) ~t HF(v = 2) + HCL(v = 1) + 739 cm~
1 

(13)

The measured rate is 23.5 times greater than the value of(i .,7 ± 1) x ~~
_ 2

p.sec-Torr 1 reported by Bott and Cohen 12 for HF(v = 1) relaxation in MCi

and 14 times greater than the value of ( 2 .9  ± 0 .3 )  x i0~~ p.sec-Torr
1 
reported

by Ahi and Cool. 20

-
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IV . DISCUSSION

The rate s obtained for HF( v) -CO 2 are in good agreement with the

experimental values of Airey and Smith 5 and Kwok . 18 The v dependence is

in reasonable agreement with the theoretical calculations of Dillon and

Stephenson . The agreement of the HF(v) ..CO 2 experimental data serves

as a check on the several different methods for measuring uppe r vibrational

level deactivation rates. The present technique provides data that are easy to

interpret and has advantages over the other methods. It could possibly be

extended to higher vibrational levels by the use of a fuel other than H2, e. g.,

HBr or HI , in the chemical laser .

The rate s of vibrational energy t ransfe r from the upper vibrational

levels of HF to N 2, °2’ HC1, and CO2 increase faster with v than the predicted

rate s for harmonic oscillators havin g no energy defect. Part of thi s increase

can be attributed to the decrease of the energy defect , ~ E(v), with v so that

less energy must be absorbed by the rotational and translational degrees of

freedom for the t ransfer  of a quantum of energy. However , the dependence

of the rates on v can be explained only qualitatively in terms of the anharinoni-

city of HF and the resulting energy defect dependence on v. The probabilities
‘H

for V-V exchange s between HF(v = 1) and hornonuclear diatomic molecules

are plotted versus energy defect in Fig. 12 of Ref . 12. They decrease by a

facto r of 3 with each increase of 334 crn 1 in the energy defect. Since the

energy de fect for  an HF 3 ..
~ 2 transition is smaller than that for an HF 1 -i 0

transition by 334 cm t , the exchange rates for HF(v = 3) could b~ expected

-31-
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to be faster than those for HF( v = 1) by a factor of 3 if energy defects were a 
-

the only consideration. The rate s could be expected to increase a factor of -

3 (k ~ v) even if the molecules behaved as harmonic oscillators so that a

factor of 9 increase in the rates might be anticipated. However , the mea-

sured rates for HF(v = 3) were 20 ± 4 times greater than those for HF(v = 1)

in N 2, O
~~

, and HC1, or approximately 2. 2 time s faster than this estimate

of a factor of 9.

The V-V exchange between HF( v) and H 2 described by P rocess (4) is

endothermic . However , the reverse exothermic exchanges calculated from

the measured rates scaled as 1, 2, and 4 for v = 1, 2, and 3. The energy

defect for HF(3) exchange with H2 is 334 cm ’
~
1 larger  than that for HF( v = 1),

whereas the energy defect for HF(3) exchange with N 2, O
~ , and MCi is

334 cm t less than that for HF( 1) . This difference may explai n qualitatively,

although not quantitatively, the weaker v dependence of the HF(v)-H2 rates. 
I :
L

-M
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting
exper imental and theoretical investigations necessary for the evaluation and
application of scientifi c advances to new military concepts and systems. Ver-
satility and flexibility have been developed to a high degree by the laboratory
personnel in dealing with the many problems encountered in the natio n ’s rapidl y
developing space and missile systems. Expertise in the latest scientific devel-
opments is vital to the accomplishment of tasks related to these problem s. The
laboratorie , tha t contribute to this research are:

Aer ophysics Laboratory : Launch and reentry aerod ynamics , heat trans-
fer , reentry physics , chemical kinetic s, structural mechanics , flight dynam ics ,
atmosp heric pollut ion , and hi gh-power gas lasers.

S
Chemistry and Physics Labo r atory : Atmosp heric reactions and atmos-

pheric optics , chemi cal reactions in polluted atmosp heres , chemical reactions
of excited species in rocket plumes , chemical thermod ynamics , plasma and
laser-induced reactions , laser chemistry, propulsion chemistry, space vacuum

* and radiation effects on materials , lubrication and surface phenomen a , photo-
sensitive mate r ial , and sensors , high precision laser ranging, and the app li-
cation of ph ysics and chemistry to problem s of law enforcement and biomedicine.

Electroni c. Research Laboratory: Electromagnetic theory, devices, and 
- -

propagation phenomena , including iilisma electromagn etics; quantum electronics. g
laser. , and electro -opt ics; commu nication sciences , app lied electronic. , semi-
conducting, superconducting, and crystal device physics , optical and acoustical
imag ing ; atmospheric pollution; millimeter wave and far-infrared technology.

Materials Science. Laborato r_y: Development of new materia ls; metal
matrix composites and new forms oT carbon; test and evaluation of grap hi te
and ceramics in reentry; spacecraft material s and electronic components in
nuclear weapons environment ; application of fracture mechanics to stress cor-
rosion and fatigue-induced fractures in structural metals.

Space Sciences Laborato ry : Am-~ospher ic and ionospheric physics , radia-
tion from the atmosphere , density and composition of the atmosp here , aurorae
and a lrg low; magnetosp heric physics , cosmic rays , generation and propagation - -

of plasma waves in the magnetosphere; solar physics , studies of solar magnetic -j
f ields ; space astronomy, x-ray astronomy; the effects of nuclear explosions,
magnetic storm s, and solar activit y on the earth’ s atmo sphere , i onosphere , and
magnetosphere; the effects of optical , electromagnetic , and particulate radia-
ti ons In space on space systems.

THE AEROSPACE CORPORATION
El Segundo , California
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